ABSTRACT Limb jarring samples were taken in four experimental apple orchards (one completely unmanaged; one with horticultural management and no pest management; one with horticultural management, no pest management, and interplanted with peach and sour cherry; and one under conventional commercial management practices) at hourly intervals over a 24-h period at four times in 1991. A total of 1,176 individual predators belonging to seven orders and 22 families was collected. The most abundant species was Coniopteryx sp. (Coniopteryigidae: Neuroptera), and the most abundant family was Coccinellidae (Coleoptera). A total of 396 adult parasitoids was collected from 26 families of Hymenoptera and one Diptera family, with Encyrtidae being the most abundant. All other individuals were classiÞed as potential food items and were identiÞed only to order or, in some instances, family. A total of 5,812 potential food items was collected. Diversity of predators and parasitoids was greatest in May and June. Diversity of predators was highest on apple trees that were inter-planted with peach and cherry trees, whereas parasitoid diversity was greatest on peach trees and on insecticide treated apple trees. Chrysopids (Neuroptera), clerids (Coleoptera), and Leptothrips mali (Fitch) (Phlaeothripidae: Thysanoptera) were most commonly collected at dawn or during the night, suggesting that their role in orchards may be underestimated by sampling only during daylight hours. With the exception of Scelionidae and Platygastridae (Hymenoptera), parasitoids were most commonly collected during the night. Results indicate that peach trees are attractive to both predators and parasitoids and therefore may be a valuable addition to apple orchards to enhance the abundance of biological control species.
NUMEROUS THEORIES HAVE been proposed to explain differences in animal diversity (Price 1997) , many of which are applicable to the spatial scale of arthropod diversity in individual orchards within the same geographical region. Increasing orchard age can affect arthropod diversity by increasing plant structural diversity (Lawton and Schrö der 1977 , Lawton 1983 , Leather 1986 , increasing the diversity of the plant community associated with the orchard (Whittaker and Woodell 1969, Fowler and Lawton 1982) , and increasing successional stage (Southwood et al. 1979) . Size of the orchard, closeness to a potential species pool for immigration, and orchard age together can affect arthropod diversity through mechanisms pertaining to island biogeography theory (MacArthur and Wilson 1963) . Orchard management practices also have an important effect on the arthropod community in apples (Liss et al. 1986 , Brown and Welker 1992 , Rieux et al. 1999 , Suckling et al. 1999 . Frequency and severity of disturbances in a community impact the diversity of the community (Loucks 1970) . Szentkirály and Kozár (1991) compared the resource diversity hypothesis (Price 1997) and intermediate disturbance hypothesis (Petraitis et al. 1989 ) to explain differences in the number of species in various Hungarian apple orchards. They (Szentkirály and Kozár 1991) found that the diversity of surrounding habitat (resource diversity hypothesis) was the stronger determinant of diversity within the orchard, but intensity of disturbance was also important. Brown and Adler (1989) found that disturbance history was the important determinant of community diversity in northeastern U.S. apple orchards.
One objective of this study was to describe arthropod diversity in apple orchards under different intensities of orchard management, with special emphasis on populations of potential biological control species. Diversifying agroecosystems is a way to increase diversity of the arthropods in the system and to increase biological control (Pimentel 1961 , Risch et al. 1983 . For instance, the addition of ßowering ground cover plants to the orchard ecosystem has been shown to increase biological control of orchard pests (Wyss 1995 , Jenser et al. 1999 . In this study, we examined the effect of interplanting tree species within the orchard rather than using ground cover plants. A second objective of the study was to examine the diel periodicity of beneÞcial insect populations in the orchard and seasonal changes in the beneÞcial community.
Materials and Methods
Four orchards at the Appalachian Fruit Research Station, Kearneysville, WV, were sampled four times during 1991. Orchard A (0.32 ha) was 8 yr old and had been completely unmanaged for 6 yr. This orchard had no pesticides applied and had not been mowed since 1985. It had high plant diversity with natural recruitment of other trees, vines, and herbaceous plants intermixed with the apple trees. Orchard C (0.13 ha) was also 8 yr old but was regularly mowed, pruned and had the herbicide paraquat applied in the tree rows as the only pesticide. Within orchards A and C there were equal numbers of the apple cultivars ÔDeliciousÕ, ÔGolden DeliciousÕ, ÔEmpireÕ, ÔYork ImperialÕ, and ÔStaymanÕ. Orchard D (0.22 ha) was 3 yr old and had the same horticultural management and pesticide use as orchard C. Orchard D had the apple cultivars ÔPri-maÕ (29 trees) and ÔLibertyÕ (27 trees), peach cultivars ÔSummergloÕ (29 trees) and ÔHarmonyÕ (27 trees), and sour cherry cultivar ÔMontmorencyÕ (14 trees). Within rows, apple and peach trees were planted alternately. Cultivars were alternated between rows. The cherry trees were planted randomly throughout the orchard, in place of peach trees. The only pest managment activity used in orchard D was mating disruption for lesser peachtree borer, Synanthedon pictipes (Grote & Robinson), with one pheromone dispenser applied per tree on one June for mating disruption. Orchard M (0.45 ha) was 13 yr old and was managed with conventional orchard production practices. This orchard contained only the cultivar ÔGranny SmithÕ. Insecticide applications consisted of dormant oil on 25 March; chlorpyrphos on 6 April, 5 June, and 8 August; methomyl with azinphosmethyl on 8 May; formetanate hydrochloride on 20 June; methyl parathion on 10 July; and methyl parathion with propargite on 24 July. Except for orchard A, all orchards had a herbicide strip under the trees maintained with paraquat as needed throughout the season.
Sampling was done at hourly intervals over a continuous 24-h period at four times during the year. Sampling was within 5 d of a full moon on days when the forecast was for clear skies to reduce the need for artiÞcial light during nocturnal sampling. Sample periods for orchards A, C, and D were 29 Ð30 May, 25Ð26 June, 31 JulyÐ1 August, and 26 Ð27 August (full moons in 1991 were on 28 May, 26 June, 26 July, and 25 August). Sampling began at 0900 hours and continued to 0800 hours EDT the following day. Every hour, two apple trees in orchard A, two apple trees in orchard C, two apple and two peach trees in orchard D were sampled. Every other hour, one cherry tree was also sampled in orchard D. In the Þrst sample period, 2 h of sampling (2400 and 0300 hours) were missed due to the length of time required to obtain samples during the night (the cherry tree selected for sampling at 0300 hours was sampled on time). An additional apple tree was not sampled in orchard D at 2200 in the May sample. Trees were randomly selected before beginning the sample period, and no tree was sampled twice during one sample period. Due to time limitations and distance between orchards, sampling in orchard M was done on 31 MayÐ1 June, 24Ð25 June, 27Ð28 July, and 24Ð25 August. Sample frequency was also less in orchard M, with 10 trees sampled at 1300 hours and 2000 hours on the Þrst day and at 0100 hours the following day. As with the other orchards, the trees were randomly selected before going to the Þeld, and no tree was sampled twice during the same sample period.
Sampling was by limb jarring, with three branches per tree struck three times with a rubber hose over a collection funnel. The funnel was made of clear plastic and had a 1-m 2 collection opening. The funnel was held with a handle from a sweep net that allowed one person to hold the funnel while striking the branch. A 200-ml jar containing 50 Ð100 ml 70% alcohol was attached to the bottom of the funnel. The sample with all specimens from the three branches per tree was carried to a central location where the jar was unscrewed from the funnel, covered, labeled, and replaced with a new sample jar. Before the jar was removed from the funnel, all arthropods on the inside surface of the funnel were dislodged into the collecting jar. Leaves and fruit that fell into the funnel were removed after rinsing arthropods that were on the plant material into the jar. Samples were taken to the laboratory for specimen identiÞcation. Spiders and ants were omitted from this analysis and will be treated separately in subsequent papers. Phytophagous arthropods and parasitic Hymenoptera were identiÞed to family. Predatory arthropods were identiÞed to species as well as possible, with identiÞcations and veriÞcations provided by the Systematic Entomology Laboratory, USDA-ARS, Beltsville, MD. Representative specimens from identiÞed species are in the arthropod collection at the Appalachian Fruit Research Station, Kearneysville, WV.
Data were grouped into three trophic groups of arthropods for analysis: predators, parasitoids, and potential food resources. SpeciÞc hypotheses regarding the relative diversity in each orchard with supporting justiÞcation are presented in Table 1 . Linear correlations were calculated between the number of individual food items and natural enemies, and also between the diversity of these trophic groups (SAS Institute 1985) . Diversity was estimated with ShannonÕs index of diversity using the formulae of Hutcheson (1970) , which also provided an estimate of the variance of the diversity estimate for statistical comparison using 95% conÞdence intervals. A two factor analysis of variance (ANOVA) (SAS Institute 1985) was used to test the signiÞcance of month and orchard for the predator and parasitoid trophic groups. The interaction between orchard and month was not testable because there was no replication of orchards within month. Diel periodicity was tested for all taxa with Ͼ20 individuals using the Rayleigh test (Batschelet 1981) , a circular statistic to test for randomness in the distribution of angular data with a potential distribution of 360 o . In this case, hour (0Ð2400 hours) was transformed into radians for the analysis. Data from orchard M was not included in the diel analysis because only three time intervals were sampled.
Results

Predators.
A list of all predaceous insects collected in each orchard is presented in Table 2 . The undetermined specimens listed were almost exclusively immature forms that could only be identiÞed to family level. In total 1,176 predators, belonging to seven orders and 22 families, were collected. Coccinellidae (Coleoptera) was the most abundant family, with the most individuals (283) and the most species (16). The most abundant species, however, was Coniopteryx sp. (Coniopterygidae: Neuroptera), with nearly as many individuals (271) as there were coccinellids. Three families of omnivores [Gryllidae (Orthoptera), ForÞculidae (Dermaptera), and Miridae (Hemiptera)], included in the list of predators, comprised 18.94% of the total predators. The number of predators per tree ranged from 0.93 on apple in orchard D to 1.58 in the conventionally managed orchard, M (Table 2) .
Parasitoids. The number of adult parasitoids by orchard and tree species is shown in Table 3 . A total of 396 parasitoids, belonging to 26 families of Hymenoptera and one family of Diptera, was collected. Encyrtidae, Eulophidae, and Platygastridae were the most abundant families, comprising 17, 13, and 12% of all parasitoids, respectively. Abundance per tree sampled was highest for cherry (0.56) and lowest for apple in orchard D (0.27). In subsequent analyses, only those families with Ͼ30 individuals were analyzed separately (Eulophidae, Encyrtidae, Eucoilidae, Scelionidae, and Platygastridae), whereas all others were pooled.
Potential Food Resources. A total of 5,812 individuals considered as potential food resources for the predators and parasitoids was collected in all four orchards over the season. These potential food resources were identiÞed to order, and in some cases to a few of the more abundant families, and are listed in Table 4 . Numerically, Ͼ80% of the potential food resources collected were Acari, Homoptera, and Coleoptera. The number of individuals per tree sampled was between 6.28 and 6.98 except on apple in orchard D (5.76) and in orchard M (5.40). The number of potential food individuals per orchard was signiÞ-cantly correlated with both the number of predators (r ϭ 0.90, df ϭ 4, P Ͻ 0.05) and the number of parasitoids (r ϭ 0.91, df ϭ 4, P Ͻ 0.05).
Community Dynamics. Predator diversity was greatest in May and June and lowest in August (Table  5 ). Diversity of predators was signiÞcantly highest on apple in orchard D and signiÞcantly lowest on cherry in orchard D (largely due to the smaller sample size for cherry) (Table 6 ). Predator diversity on peach in orchard D, the conventionally managed apple in orchard M, and the unmanaged orchard A was signiÞ-cantly lower than in the unsprayed but horticulturally treated apple trees in orchards C and D. Diversity of parasitoids was greatest in June (Table 5 ) and also on peach in orchard D and in orchard M (Table 6 ). Both cherry and apple in orchard D had a low diversity of parasitoids. Diversity of the food resources was signiÞcantly different between all months (Table 5) , being highest in May and lowest in July. Diversity of food resources was lowest in orchard M and consistently higher in all the other apple orchards and on peach in orchard D.
The diversity of predators was signiÞcantly correlated with the number of potential food individuals (r ϭ 0.97, df ϭ 2, P Ͻ 0.05). The diversity of the potential food resources was not correlated with either number or diversity of predators or parasitoids.
The ANOVA (Table 7) showed month to be significant for Thysanoptera (all families pooled), Anthocoridae, Miridae, Coniopterygidae, Hemerobiidae, Cantharidae, and Hyperaspis proba (Coccinellidae: Coleoptera). Thrips, anthocorids, coniopterygids, and chrysopids were all most abundant during June and July; mirids, hemerobiids, and cantharids were most abundant in May and H. proba was most abundant in July and August (Table 7) . Orchard effect was significant only for gryllids, chrysopids, and H. proba (Table  7) . Gryllids were signiÞcantly more abundant in orchard A, with chrysopids most common in orchard M, and H. proba most common on peach in orchard D. Although not signiÞcant, the acarophagous Orius insidiosus and Stethorus punctum picipes were more abundant in orchard M. Month effect was signiÞcant for all taxa of parasitoids in the analyses of variance (Table 7) . Abundance was always signiÞcantly lowest in August and generally greatest in June. Encyrtidae and Platygastridae were equally abundant in May as in June, and Eucoilidae were equally abundant in July as in June. No signiÞcant differences were found among orchards for parasitoids based on the ANOVA tests.
Month was a signiÞcant factor in the ANOVA (P Ͻ 0.05) for all potential food items but Cercopidae. Most of the taxa were more abundant in May and June and less abundant in July and August. Homoptera (other than Aphididae, Cercopidae, and Cicadellidae) and Hemiptera, however, were least abundant in May. All Coleoptera, including Scarabaeidae, had highest abundance in June and July. Abundance of Trombidiidae was bimodal with higher abundance in May and July. Tetranychidae and Aphididae were signiÞcantly more abundant in orchard M, and Trombidiidae and Homoptera other than Aphididae, Cicadellidae and Cercopidae were signiÞcantly less abundant in orchard M. Coleoptera were signiÞcantly more abundant on peach and cherry trees in orchard D, and Lepidoptera were most abundant in orchards A, C, and on apple in D than on peach and cherry trees in orchard D or in orchard M. Diel periodicity. Most taxa of predators were collected randomly with regard to time of day (Table 8) . Chrysopids had a signiÞcant peak of occurrence near dawn, at 0620 hours. Clerids and Leptothrips mali (Phlaeothripidae: Thysanoptera) had signiÞcant peaks of occurrence during the night, at 2300 and 0200 hours, respectively. Gryllids were more abundant in the early morning, at 0440, but with a signiÞcance of P ϭ 0.06. Scelionidae and Platygastridae were collected at random with regard to time of day (Table 8 ). All other taxa of parasitoids, including the pooled abundance of the less common families, were significantly more abundant in the early morning hours, 0120 to 0340 hours.
Discussion
Our results document a large and diverse community of natural enemies in West Virginia fruit orchards (Tables 2 and 3 ). Sampling was only by limb jarring, and therefore underestimated the biodiversity of the orchard by completely omitting edaphic guilds and under-sampling groups that resist dislodging (e.g., scales) or take ßight (e.g., adult Lepidoptera). However, all samples were collected with the same methodology and comparisons among sample dates and orchards are appropriate. Other studies in North America have found similar numbers of species of natural enemies in apple orchards (Horsburgh and Asquith 1968 , Hagley 1974 , MacLellan 1977 . The parasitoids collected in this study were adults and, therefore, do not give a direct indication of parasitization rates. However, the abundance of adult parasitoids foraging on fruit trees does indicate that the orchard habitat is visited by many parasitoids and suggests that parasitism rates could be expected to reßect that abundance. Although the predatory fauna in orchards has been described in numerous other studies (Horsburgh and Asquith 1968 , Hagley 1974 , MacLellan 1977 , the results from this study are of particular interest regarding several predator groups. The acarophagous S. punctum picipes was the most abundant coccinellid collected, especially in the orchard treated with insecticides. The insecticide treated orchard also had the highest number of tetranychid mites, especially when comparing individuals per tree (0.88 per tree in orchard M compared with 0.51 per tree in orchard C, the orchard with the next highest abundance of tetranychids) ( Table 4 ). The next most abundant coccinellid was Hyperaspis proba, a species about which little is known. In ßight traps over a Canadian agricultural landscape, Hyperaspis bigeminata Randall was the seventh most abundant coccinellid out of 21 species (Boiteau et al. 1999 ) but was found to be most abundant in June rather than later in the season, as we found for H. proba. Other Hyperaspis species are known as predators of scales and mealybugs (Homoptera) (Hodek and Honek 1996) . Although scale insects are not collected by limb jarring, they were not abundant in orchard C when sampled 4 yr earlier (Kozár et al. 1994) . Adult H. proba were most abundant on peach trees, 60% being collected on peach (Table 2) . Brown and Puterka (1997) showed that there were fewer phytophagous insects found on peach trees than on apple trees. Therefore, H. proba, and the higher diversity of parasitoids found on peach (Table 3) , were likely attracted to peach trees for some requirement other than host or prey availability. The presence of extra ßoral nectaries on peach leaves (Caldwell and Gerhardt 1986) could attract natural enemies to these trees as a source of energy needed for foraging. Potential food items also seem to be attracted to the secretions of the extra ßoral nectaries (Table 4) .
Coniopteryx sp. was the single most abundant predatory insect species collected. Coniopteryx sp. was most abundant in the two older orchards (orchards A Hymenoptera  90  89  51  90  27  47  Braconidae  5  3  4  4  2  1  Ichneumonidae  3  2  3  1  Mymaridae  2  5  2  2  1  1  Trichogrammatidae  7  2  2 and C) and on peach trees in the younger unsprayed orchard (orchard D), with only a few individuals collected from the insecticide treated orchard (orchard M) ( Table 2) . Dinkins et al. (1994) found Coniopteryx westwoodi Melander to be abundant on pecan trees in Georgia but absent in Kansas. In Florida citrus, Coniopteryx vicina Hagen was found to be predaceous on tetranychid and eriophyiid mites and on homopterans, especially whiteßies and scales (Muma 1967) . Based on the pattern of abundance in the various orchards, Coniopteryx sp. were late arrivals in the succession of predatory communities on apple, being most abundant in the older orchards (orchards A and C). Coniopteryx sp. may also require nectar as indicated by their high abundance on peach trees. Coniopterygids are one group of insect predators that should be investigated in orchards to evaluate their potential to control mites and other arthropod pests. An observed trend of higher numbers of several predators in orchard M, which was treated with insecticides, is of interest. The predators that preferred the conventionally managed orchard, anthocorids, S. punctum picipes, and chrysopids (Table 2) are important predators of tetranychid mites. Orchard M also had the highest number of tetranychid mites per tree (Table 4 ) and the foliage showed some mite-feeding injury (data not quantiÞed). The predators that were abundant in orchard M have high dispersal capabilities and are able to quickly exploit new food resources such as would be available periodically in an insecticide treated orchard. It was surprising to Þnd a high diversity of parasitoids in the insecticide treated orchard, even though the number of individuals was low (Table 3) . Because the parasitoids that were collected were adults, these data suggest that parasitoids will forage in commercial orchards even if they are not permanent residents.
Clerids, chrysopids, and L. mali did have signiÞcant patterns of diel periodicity (Table 8) . Clerids and L. mali were most often collected during the dark hours (2300 hours and 0200 hours, respectively). Evaluations of the role of L. mali in controlling mite populations (Parella et al. 1982) , therefore, may be underestimated in studies conducted only during the daylight hours. Clerids have not been mentioned as important predators on apple trees previously, and although few clerids were collected in this study, their impact, if any, has been ignored because they have been absent during daylight hours. The impact of chrysopids may also be underestimated because of their higher abundance within several hours of dawn (0620 hours) (Table 8). Most of the adult Hymenoptera were also more frequently collected during the night. (Table 8) . However, this may not mean that they were more abundant Means followed by a different letter within a row are signiÞcantly different based on 95% conÞdence intervals. in the dark, but rather that limb jarring is more effective at collecting these parasitoids at rest rather than during daylight when they may be foraging. Parasitoids are relatively good ßiers and their response to limb jarring is expected to be ßight rather than dropping when they are actively foraging.
Before conducting this study, we had a set of hypotheses regarding the patterns of diversity in the beneÞcial insects (Table 1) . The results of our study support our initial hypotheses only with regard to potential food items (Table 6 ). Contrary to expectations, diversity of predators (Table 6 ) was highest on apple trees in orchard D. We attribute this divergence from the hypotheses (Table 1) to the presence of peach inter-planted in that orchard. We suggest that the extra ßoral nectaries provided food for predators directly with nectar and indirectly by attracting other potential food items that were also attracted to the nectar. The presence of a highly diverse predator and parasitoid community on the apple trees in orchard D demonstrates that although they may be attracted to nectar on the peach trees, they also spend much time foraging on apple trees for prey. The unexpectedly high diversity in the insecticide treated orchard M indicates that adult parasitoids do forage in sprayed orchards. However, parasitism rates would not be expected to be high in the insecticide treated orchards because of high mortality of both adult parasitoids and parasitized hosts.
To summarize, the insecticide treated orchard had a surprisingly large number of natural enemies. The most abundant predators in this orchard were mostly acarophagous predators that were attracted to the larger number of mites in this orchard, as is common in sprayed orchards. The large number of parasitoids indicates that these natural enemies will be able to locate prey and contribute to biological control if insecticide use can be reduced. Inter-planting the apple orchard with peach may have increased the abundance of biological control species by attracting natural enemies, apparently to the extra ßoral nectaries. Overall, the results from this study demonstrate the high degree of complexity of the arthropod community associated with apple. This complexity will make predicting the outcome of orchard ecosystem manipulations very difÞcult. In the short term, however, this study does highlight some areas of research that need to be addressed so that a more complete understanding of arthropod ecology in apple orchards can be attained to allow better ecosystem level predictions Means followed by a different letter within a row are signiÞcantly different based on 95% conÞdence intervals. from orchard experiments. The high abundance of insectivorous gryllids, coniopterygids, and Hyperaspis proba in this study indicate that they could have signiÞcant impact on some groups of prey in the orchard. Studies done with chrysopids, Leptothrips mali, and gryllids must be evaluated in light of their greater abundance at dawn or night as was demonstrated in this study. Biological control of insect pests in orchards has much promise, but as shown in this study, there is much more basic information needed to be able to predict adequately the outcomes of any orchard ecosystem manipulation. 
